We show a break down of the conventional partition of density of optical states into radiative and non-radiative parts, when dynamics of fluctuations becomes important even in the weak vacuum-coupling regime. Here, non-radiative absorption due to a nanostructure as predicted by conventional theory can vanish significantly with an equivalent increase in the density of radiative states. Large divergence of experimental observations from current theory in the case of emitters interacting with fully absorbing plasmonic nanoparticles only a few nanometers in dimensions, are now evident. A detailed model of fluctuation-dissipation by an emitter-nanoparticle quantum system demands a non-local behavior in the limit of very small metal nanoparticles, and this effect is also notable for an emitter located very close to larger metal nanostructures. Thus we point that widely used techniques to enhance optical sensing such as surface-enhanced-Raman-spectroscopy (SERS), would not have been feasible but for this effect. Qualitatively, this quantum effect presents itself only when the classical probability of emitted photon scattering off a proximal metal nanostructure approaches zero. Hence, though different in origin and scale, this effect has an interesting analogy with quantum effects resulting in Hawking radiation near a black-hole.
INTRODUCTION
Spontaneous emission is typically elucidated as a function of vacuum fluctuations and proximal matter, and its nature in the weak vacuum-coupling regime is predicted by the density of optical states. Increasing density of radiative states relative to the non-radiative states using appropriate nanostructures placed near emitters can result in significant gains in power and even efficiency of emission; and this is broadly referred to as Purcell enhancement [1] [2] [3] [4] [5] [6] [7] [8] . This work shows a break down of the current theory of local density of optical states when the dynamics of fluctuations between the emitter and a nanostructure becomes important. We point to anomalies of a few orders of magnitude in the observed decay rates reported in the last two decades by researchers studying emission in the presence of metal nanoparticles, and the corresponding theoretical predictions. Especially, the gains in emission observed in presence of plasmonic nanoparticles of limiting small dimensions (<15 nm), directly contradicts our current understanding [9] [10] [11] [12] [13] [14] [15] . Some of these theoretical evaluations were available in their original reports but this divergence was probably overlooked, while our evaluations are presented here. In conjunction, we also report predictions of the proposed theory that remove any contradictions and divergence.
Note that in this weak vacuum-coupling regime, the relevance of experiments have been limited to steadystate solutions of the field even when the emitters and metal particles may be quantized. This is unlike in the strong vacuum-coupling regime of electrodynamics, where experiments in micro-cavities have been used to establish vacuum-Rabi oscillations and other effects of the fluctuations [16] . Here, we consider the case when probability of dissipation of the photon by a metal nanoparticle is not much larger than the probability of exchange of excitations between its dipole mode and the dipole emitter. In this case, creation and annihilation of plasmons can be virtual and averages to a lower net dissipation by the dipole mode of the metal particle, with an equivalent increase in stimulation of the emitter by virtual photons. This behavior can also be modeled as fluctuations in the metal nanostructure leaking to the emitter due to the relatively high rate of exchange of virtual excitations i.e a leaky metal particle. It is predicted for limiting small dimensions of a plasmonic nanoparticle, and to a notable degree for even a larger metal nanoparticle when distances less than its radius separate the emitter i.e. a regime that coincidentally supports absorption and a near-zero probability of classical scattering of the photon by the metal nanoparticle. Thus, it is well distinguished from Purcell enhancement where the emitter is at resonance with a relatively large plasmonic particle 50 -200 nm in dimensions, and is separated by distances on the order of its radius or larger. There, the interaction is dominated by elastic scattering, adding significantly to the relative density of radiative states as in the conventional theory. In many cases of sensing fluorescence and Raman signals, near-field enhancement of radiation exciting the emitter accompanies this possible enhancement of its emission. We show that widely used techniques such as surface-enhanced-Raman-scattering (SERS) exhibit gains up to 10 10 in magnitude [17] [18] [19] [20] [21] [22] [23] [24] primarily due to this effect discussed in this work, which otherwise would be restricted to a factor of 10 3 at most. Typically, a larger metallic surface or a nanostructure hosts smaller (sharper) nano features that result in this nearfield enhancement in addition to the large non-radiative dissipation. The observed factors of enhancement of Raman signals are much greater than the combined amplification possible due to relative increase in intensity of excitation and density of radiative states available, for both resonant and off-resonant emissions. The large enhancements of Raman signals observed has so far lead to tentative mechanisms proposed that do not submit to classical electrodynamics and quantum models [25] . This divergence of theory from experiments is sometimes classified into a chemical enhancement of unknown origin. Further, measurements resolved with a varying distance from the nanostructure have shown that the SERS effect has a longer range than that is possible by just nearfield enhancement of the surface features or any chemical effects. This conundrum is answered by vanishing of non-radiative absorption of the dipole mode and its appearance as a stronger radiative mode for emitters close to the plasmonic surface.
A NON-LOCAL THEORY FOR DENSITY OF OPTICAL STATES
We describe the known methods used to evaluate the modified self-energy of a point dipole in an inhomogeneous medium, in the supplementary material [26] . This problem may not have closed-form analytical solutions in general, and a quasi-static solution in the long wavelength limit has been typically preferred [27] . As noted before, this may result in significant errors in the estimated energy shifts [28] , and in a underestimation of non-radiative decay rates in metal nanostructures [29] . Hence, we have resorted to more computationally intensive full-wave approaches to include retardation for finite wavelengths. The decay rate representing the local density of optical states is given by Γ = −2ℑ(Σ), where Σ is the self-energy in presence of the nanostructure. Γ r 0 and Γ nr 0 are known radiative and non-radiative decay rates of the isolated emitter adding to Γ o . The total radiative and non-radiative parts are a sum of the free-space and metallic components as below.
where
and µ is the electric dipole moment of the emitter; k, ǫ and are the wave number, free-space permittivity and reduced Planck's constant. Note that a dipole oscillator with energy of one quantum represents the emitter as a two-level system in this weak vacuumcoupling regime.
where Γ r and Γ nr are additional radiative and nonradiative decay rates of emitter in the presence of metal nanostructure. The optical theorem for a point source establishes that the evaluated self-interaction of an emitter due to a proximal body represents the total radiative (scattering) and non-radiative (absorption) states of the body. Further, reflection-symmetry of the Green dyadic allows us to equally interpret this perturbation to selfenergy, as additional action of vacuum on the emitter due to presence of the body. The real part of self-energy represents the energy shift in the emission due to the nanostructure.
Compared to the isolated emitter, the energy of emission is shifted by ∆E and more importantly, |∆E|/ is the rate of exchange of excitation between emitter and nanostructure, or the frequency of Rabi oscillations. This exchange in the form of emission and absorption of virtual photons is accompanied by the creation and annihilation of virtual plasmons in the metal particle. Typically, Γ nr >> |∆E|/ resulting in a negligible probability of virtual decay of a plasmon in metals (and this regime is irrelevant for dielectric materials where Γ nr << Γ r ), except in the case of the smallest metal nanoparticles where they are comparable in magnitude. Also, in the case of an emitter very close to a large metallic nanostructure the above inequality weakens significantly. Note that this is especially pertinent for the dipole mode of a nanostructure which represents most of its coupling to vacuum modes. The generation of photons by virtual plasmon annihilation should not be distinguished from its scattering of virtual photons originating from vacuum, as far as the dipole mode is concerned. Only the latter effect due to a nanostructure is included in the increase of radiative states in conventional theory. In such cases, the following extension of the local density of optical states becomes necessary. To make this distinction between modes, the dipole mode contributions are numbered '1' in the subsequent part of this section. The probability of virtual photons resulting from the creation and annihilation of dipolar plasmons can be non-negligible and is given by 1 − exp(−|∆E 1 |/ Γ nr 1 ). The effect of additional fluctuations on the rates of emission is trivially evaluated using work done on the dipole emitter (as in the classical optical theorem):
The effective decay rates thus become:
and
The observed quantum efficiency is then: here Q is quantum efficiency and QΓ r is power radiated, normalized by the values of isolated emitter. They represent the minimum and maximum gains expected in measurements. Subscript 'conv·' stands for conventional theory. Experimental data [10] is for a gold nanoparticle of radius 5 nm coated with the bi-polymer PAH/PSS (ǫr = 2.5) and emission wavelength of emitter (cypate) was 830 nm.
RESULTS AND DISCUSSION
An increase in radiative states can be inferred as the increase in vacuum fluctuations coupled to the emitter due to elastic scattering of virtual photons from the proximal nanostructure. The smaller nanoparticles can absorb light well in the plasmonic range increasing non-radiative states notably, but have a negligible scattering efficiency and do not add to the density of radiative states. But they have been observed to increase rates of spontaneous emission from proximal emitters significantly more than theoretical evaluations, and in cases even notably increase their efficiency of emission in a direct contradiction with theory. Moreover, we point that the same applies in a lesser degree to an emitter separated from large plasmonic nanostructures by distances less than its radius. This effect thus becomes crucial for techniques such as surface-enhanced-Raman-spectroscopy (SERS) using plasmonic nanostructures, which would not be otherwise feasible.
First, we begin with the experiments of fluorescence and photo-luminescence enhancements using metal nanoparticles of limiting small sizes. The excitation is off-resonant, and thus near-field enhancement of excitation due to the nanoparticle plays a negligible role here. The rates of radiative and non-radiative processes were estimated using independent life-time measurements in many cases, in addition to the measurement of gain in 
FIG. 2. Comparison of theoretical and experimental results:
here Q is quantum efficiency and QΓ r is power radiated, normalized by the values of isolated emitter. They represent the minimum and maximum gains expected in measurements. Subscript 'conv·' stands for conventional theory. Experimental data [11] is for gold nanoparticles of radius 6.5 nm and emission wavelength of emitter(FITC) was 520 nm.
photons emitted. The measured gains are relatively robust and repeatable, while the decay rate is more sensitive to any uncertainity in distances [26] . Figure 1 presents the measured gains for varying separations of the emitter from a gold nanoparticle of 5 nm radius. We present evaluations of both relative quantum efficiency Q and relative power of emission QΓ r , with respect to the emitters not interacting with metal nanostructures. The former represents the increase in probability of radiative decay of the excited emitter, while the latter also includes increase in ground-state population for emitters that can be excited continuously. The large divergence of the predictions of conventional theory from the observations are clear. Figure 2 and Figure 3 present experiments of quenched emission from two different types of emitters. Here the nanoparticles are marginally larger at 6.5 nm radii and the quenching in the experimental results is significantly less than the expected values of the conventional theory. In contrast these experiments have a reasonable agreement with the predicted range of this extended theory. Note that quenching due to polymer molecules binding the emitter-particle system has not been included in both the theoretical models of relative emissions. When this is included, both theoretical predictions should reduce notably at larger distances due to the larger effect of polymer molecules. Thus one can infer a better agreement of experiments with the proposed theory, than reflected by these Figures 2 and 3 .
Many experiments by other researchers on even smaller here Q is quantum efficiency and QΓ r is power radiated, normalized by the values of isolated emitter. They represent the minimum and maximum gains expected in measurements. Subscript 'conv·' stands for conventional theory. Experimental data [11] is for gold nanoparticles of radius 6.5 nm and emission wavelength of emitter (LISS) was 580 nm.
gold nanoparticles using self-assembled films and monolayers with quantum dot emitters, are summarized in Figure 4 . Note that for the smaller metal nanoparticles discussed in Figures 1 and 4 , the experiments present a direct contradiction; theory predicts quenching while experiments report significant enhancements of emission. Monolayers with smaller separations of emitters and gold nanoparticles of a smaller radii of 1.75 nm, have larger divergence with conventional theory as expected (section on the left in figure 4 ). But the large enhancement up to a factors of 3 for the dots embedded in films due to sparsely doped and well separated 2.5 nm radii gold nanoparticles are equally unexpected (on the right in figure 4 ). In this section on the right, four experiments with nearly overlapping gain values are marked along with the predictions of theory. Our modified theory of local density of optical states predicts these experiments reasonably well. One notable aspect of the experiments with limiting small metal nanoparticles of 1.75 nm radii, is the sensitivity to the number-ratio of emitters and metal particles in the monolayer, and this is not discussed here. The significant effect of virtual plasmons in this case may necessitate the inclusion of any collective behavior among emitters, that has been suggested in the presence of plasmonic nanoparticles [30] , phonon interactions [31] and otherwise at low temperatures [32] . But the theoretical works involved long-wavelength approximations and more importantly neglected any thermal effects; while other experimental indications of such collective behavior of emitters in the weak vacuum-coupling regime are Here Q is quantum efficiency and QΓ r is power radiated, normalized by the values of isolated emitter. They represent the minimum and maximum gains expected in measurements. Subscript 'conv·' stands for conventional theory. For short distances 1-5 nm, experimental data [36] is for gold nanoparticles of radius 1.75 nm and the emission wavelength is 560 nm. For larger distances (7-15 nm) on the right side of the figure, four experimental data points at a distance of 12.5 nm [12] are for gold nanoparticles of radius 2.5 nm and an emission wavelength of 560 nm.
few so far [33] [34] [35] . Hence, we believe our understanding of this more sensitive additional effect is preliminary.
In the case of SERS, we summarize many observations to compare predictions of the proposed theory. These enhancements were typically approximated by the (E local /E o ) 4 rule for nanostructures of various geometries. Note that difference between excitation and emission energies are not large in SERS measurements, and we ignore this difference in the following interpretation of this rule. The local enhancement of excitation, represented by a incident plane wave typically, is given by (E local /E o ) 2 and indicates the increase in probability of excitation of emitters due to the nanostructure. For the (E local /E o ) 4 rule to be valid in general, we have to infer an additional enhancement of emission by the same factor. Interestingly, the sum of densities of radiative and non-radiative states of the body available for the emission is also represented by (E local /E o )
2 , up to a constant of multiplication. Thus SERS experiments can be inferred to demonstrate a significant loss of distinction between the radiative and total density of states for emitters close to the nanostructure that are predominantly excited; as predicted by the proposed theory of density of optical states. Figure 5 shows the predictions and experimental measurements of a few distance dependent SERS measurements [17, 18] , along with a few reported experiments without any spacers between the SERS sur- E0 2 and power represent the minimum and maximum gains expected in measurements. Subscript 'conv·' stands for conventional theory. The error bars reflect the predictions using near-field enhancements due to 2-50 nm size features on the metallic surface face and the emitters [19, [21] [22] [23] . The latter are marked closest to a distance of zero where the probability of excitation is highest. Here, we have plotted the numerical results of the emission near a plane surface at plasmon resonance (permittivity ǫ ≈ −1 + 0.33i) with near-field enhancement of the excitation due to nano features ranging in size from 2 to 50 nm marked by error bars. A closer view of the short-range results, and a comparison of the quasi-static and full-wave solutions are relegated to the supplementary [26] . Overall, the proposed theory removes the large divergence observed in the measured enhancements of Raman signals over many decades, and is also supported by the more recent experiments with metal nanoparticles of limiting small dimensions. We believe further sensitive experiments may be required in firmly establishing the full theory defining density of optical states.
